The ras oncogene-encoded p21 protein is known to induce cell maturation of Xenopus laevis oocytes and malignant transformation of NIH 3T3 mouse fibroblasts. The pathways involved in oocytes and NIH 3T3 cells appear to be similar to one another. For example, in both cases, the ras p21-induced cellular events involve increased intracellular levels of the second messengers diacylglycerol and inositol phosphates, the former of which activates protein kinase C (PKC). To investigate the pathway of ras-induced oocyte maturation, we have explored the relationship between p21 protein and PKC. We show that the maturation signal from oncogenic p21 microinjected into Xenopus oocytes is completely blocked by the relatively specific PKC inhibitor CGP 41251, a staurosporine analogue that selectively inhibits PKC, but not by an inactive analogue of staurosporine, CGP 42700. Microinjection of purified PKC or of phorbol ester induces maturation of oocytes. PKC-induced maturation is inhibited by CGP 41251 but not by CGP 42700. Maturation induced by microinjected PKC is also not inhibited by two specific anti-p21 agents, the inactivating anti-p21 monoclonal antibody Y13-259 and the amino acid derivative azatyrosine. Both of these agents block p21-induced cell maturation. These results suggest that ras effects depend upon the action of PKC, whose activation is an event that occurs downstream of p21 in the maturation signal pathway.
injection of purified PKC or of phorbol ester induces maturation of oocytes. PKC-induced maturation is inhibited by CGP 41251 but not by CGP 42700. Maturation induced by microinjected PKC is also not inhibited by two specific anti-p21 agents, the inactivating anti-p21 monoclonal antibody Y13-259 and the amino acid derivative azatyrosine. Both of these agents block p21-induced cell maturation. These results suggest that ras effects depend upon the action of PKC, whose activation is an event that occurs downstream of p21 in the maturation signal pathway.
The ras oncogene-encoded p21 protein, which causes malignant transformation of cells in culture (1) and, in some cell lines, cell differentiation (2), has been implicated as the cause of a significant number of human tumors (1) . The oncogenic protein is a mutated form of the protooncogene-encoded protein, found in all eukaryotic cells, and differs from it by only one amino acid; substitutions of amino acids that cause the protein to become oncogenic occur most commonly at positions 12 or 61 in the amino acid sequence (1) .
p21 proteins are known to be guanine nucleotide-binding proteins (G proteins) that become activated by exchanging GTP for GDP, as a result of the interaction of extracellular growth factors with their target cellular receptors (3) . Activation of the protein is regulated by a GTPase activity of the protein, which is enhanced by an intracellular protein, GTPase-activating protein (GAP), which has been postulated to be a target protein of activated p21 (4, 5) .
Activated p21 proteins are known to cause increased turnover of phospholipids (6) and a rise in the levels of the second messengers diacylglycerol (DAG) and the inositol phosphates both in NIH 3T3 mouse fibroblasts (7) and in oocytes (8) . DAG activates protein kinase C (PKC), which in turn is thought to be necessary for the transduction of the mitogenic signal induced by oncogenic p21 protein (9) . This enzyme is known to phosphorylate a number of different cellular proteins and to mediate selective methylation of bases in nuclear DNA (10) .
p21-mediated rises in the levels of DAG may result from activation of phospholipase C. The y isozyme of this enzyme has been shown to be essential in mediating cell transformation of NIH 3T3 cells induced by microinjected oncogenic p21 protein (11) .
ras-encoded p21 proteins that cause malignant transformation of NIH 3T3 cells are also known to cause cell maturation and differentiation of certain cell lines, including neural crest (PC12) cells (2) and Xenopus laevis oocytes (12) . In Xenopus oocytes, the effects of oncogenic p21 protein appear to be mediated through pathways that are similar to those in ras-transformed NIH 3T3 cells (11) . For example, oncogenic p21 protein, but not the normal protein, at low concentration, causes cell maturation of Xenopus oocytes (12) . Also, increases in DAG and inositol phosphates occur in response to the microinjected oncogenic protein in these cells (8) .
Recently, we demonstrated that ras effects on NIH 3T3 cells (13) and on oocyte maturation (14) can be selectively blocked by a synthetic peptide from a postulated effector segment of the p21 protein comprising residues 35-47, several of which have been implicated in binding to GAP (5) , and by an amino acid derivative, azatyrosine (14, 15) , which induces the ras-recision gene (rrg) (ref. 16 ; S.N., unpublished work). This gene codes for a protein product of 30 kDa that directly antagonizes the cellular effects of ras (16) . These results further support similarities in the ras-induced pathways of cell transformation and cell maturation. In addition, the results with the ras peptide suggest that GAP may be an effector target of ras action in both cell systems.
To define further the effects of ras oncogene-encoded p21 protein, we have studied the interactions of this protein with PKC, which is thought to be involved in ras-induced cellular effects (8, 9) . In this study we employed an inhibitor of PKC, CGP 41251 (17) , which is a derivative of staurosporine, a microbial product that inhibits PKC and a number of other cellular kinases. Unlike staurosporine, CGP 41251 has been found to exhibit selectivity for inhibition of PKC. In particular, CGP 41251 was found to have an IC50 value of 0.05 ,uM, at least 40 times lower than its IC50 value for three of five cellular kinases-namely, cyclic AMP-dependent protein kinase (IC50 = 2.4 ,uM), S6 kinase (IC50 = 5 ,uM), and tyrosine-specific protein kinase induced by epidermal growth factor (IC50 = 3 ,uM) (17) . The only other kinase for which this compound exhibited an IC50 comparable to that of PKC was glycogen phosphorylase kinase (IC50 = 0.048 ,uM), an enAbbreviations: DAG, diacylglycerol; GAP, GTPase-activating protein; PKC, protein kinase C; PMA, phorbol 12-myristate 13-acetate.
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zyme not thought to be involved in mitogenic or maturation signal transduction (17) . Using this relatively selective inhibitor of PKC, we show that PKC may be an essential protein involved in ras-induced cell maturation.
MATERIALS AND METHODS p21 Protein. Oncogenic human [Val12]p21 protein was overexpressed in Escherichia coli by employing an expression vector (pGH-L9) containing the chemically synthesized c-Ha-ras gene and was purified as described (18) .
PKC-fi. A Rat-6 fibroblast cell line that overexpresses the ,8 isozyme of PKC by a retroviral expression vector was used as described (19) . Cells were grown to confluency and harvested in a detergent lysis buffer (20 mM Tris, pH 7.5/5 mM EGTA/5 mM EDTA/15 mM 2-mercaptoethanol/0.2% Triton X-100/0.25 mM phenylmethylsulfonyl fluoride with leupeptin at 10 pug/ml and aprotinin at 2 Ag/ml). The cell extract was centrifuged at 10,000 x g for 30 min and then passed over 1-ml columns of DEAE-Sephacel. The columns were washed with 10 ml of wash buffer (20 mM Tris, pH 7.5/5 mM EGTA/5 mM EDTA/1 mM dithiothreitol/0.25 mM phenylmethylsulfonyl fluoride with leupeptin at 10 ,ug/ml and aprotinin at 2 Ag/ml), and then PKC enzymatic activity was eluted with 2.5 ml of elution buffer (wash buffer plus 100 mM NaCl).
Azatyrosine. L-Azatyrosine [L-P-(5-hydroxy-2-pyridyl)alanine] was isolated from Streptomyces chibanensis and characterized as described (15 Staurosporine Derivatives. CGP 41251, a gift from Thomas Meyer of CIBA-Geigy (Basel), has been shown to be a more specific inhibitor for PKC than staurosporine (17) , as described in the Introduction. It was provided as a 100 ,uM solution in dimethyl sulfoxide and was diluted 1:100 in glass-distilled water. In all experiments in which this derivative was microinjected into oocytes, 50 nl of the 1 ,uM solution was injected into each of 15 oocytes. This concentration was sufficient to ensure that intracellular PKC would be selectively inhibited (see Discussion). CGP-42700, which is an inactive staurosporine derivative (17)-i.e., it inhibits PKC only weakly-was also a gift from Thomas Meyer at CIBA-Geigy and was prepared in a manner identical to that described for CGP 41251.
Y13-259 Anti-p21. Y13-259, a monoclonal antibody against the p21 protein that blocks its activity (20) , was isolated from hybridoma cell lines as described (21) .
Oocyte Microinjection and Maturation. Ovarian fragments were surgically removed from X. Iaevis females purchased from Hamamatsu Biological Research Service (MaisakaCho, Hamana-Gun, and Shizouka-Ken, Japan). The ovarian follicle cells were removed as described (12) , and the resulting oocytes were incubated overnight at 17°C.
Groups of 15 stage VI oocytes were subjected to cytoplasmic microinjection with 50 nl of the indicated solution per oocyte (12) . The injected oocytes were cultured at room temperature in Barth medium [88 mM NaCl/1 mM KCl/2.4 mM NaHCO3/15 mM Hepes/0.3 mM Ca(NO3)2/0.41 mM CaCl2/0.8 mM MgSO4 with sodium penicillin at 10 ,ug/ml and streptomycin sulfate at 20 ,ug/ml] for 12-13 hr, and oocyte maturation was scored by the appearance of a white spot on the pigmented animal pole (12) . Germinal vesicle (nuclear) breakdown was verified by manual dissection of oocytes that had been fixed in 10% (wt/vol) trichloroacetic acid (12) . In experiments involving p21 protein, the final concentration of p21 was 0.05 mg/ml. In experiments that involved PMA in the incubation medium, final PMA concentrations of 0.1 and 1.0 ,ug/ml were used. In experiments that involved microinjection of Y13-259, sufficient antibody was used to interact with 2.5 ng of p21 protein (the amount of protein injected into the cells). In experiments involving the staurosporine derivatives, these compounds were microinjected at a concentration of 1 ,uM. This concentration is 20 times the IC50 value for CGP 41251 with PKC (0.05 ,uM) and is =0.5 of the IC50 value for the interaction of this compound with the other cellular protein kinases described in the Introduction with the exception of phosphorylase kinase (17) . This concentration therefore allows for complete inhibition of PKC intracellularly while it results in only incomplete inhibition ofany ofthe other three protein kinases (17) . Control experiments were performed in which either Barth medium, described above, or bovine serum albumin (Sigma), 0.15 mg/ml in distilled water, was microinjected into the oocytes. For each set of conditions, at least three separate microinjection experiments were performed on different sets of Xenopus oocytes. Means and standard errors were determined for all points in each experiment.
RESULTS

Effects of Oncogenic ras [VaI'2Jp21 Protein and PKC-p on
Oocyte Maturation. The effect of PKC-,B on oocyte maturation is shown in Fig. 1 . The effect of oncogenic p21 protein is included for reference purposes. Oncogenic p21 protein is known to cause oocyte maturation, whereas the protooncogene-encoded protein causes this effect only at elevated intracellular concentrations (12, 14) . It is clear that PKC induces significant maturation of oocytes, at a rate slightly lower than that found for the p21 protein. Results from control experiments in which either buffer or bovine serum albumin (0.15 mg/ml) was microinjected into oocytes indicated that <10o of the oocytes (average of three experiments) matured over a 12-hr period (data not shown). Maturation was also strongly promoted by the PKC activator ',g/l inue 100'mauato in 3*r(aanohw) transducing kinases assayed (17) , only PKC would be ex-1 gm nue 100 mauato in 3 hr (dt no son. pected to undergo significant inhibition at this intracellular Similar effects for phorbol esters on oocyte maturation have concentration of CGP 41251. been described previously (22) . The stimulatory effect of However, it is conceivable that this derivative inhibits PKC-f3 was inhibited by CGP 41251 (Fig. 1) , a staurosporine other, unknown systems associated with transduction of derivative that inhibits PKC with more selectivity than that mitogenic or growth signals that are activated by oncogenic found for staurosporine (17) .
ras-encoded p21 protein. Under one hypothesis, inhibition of The stimulatory effect of the p21 protein was likewise these systems and not of PKC predominantly would be inhibited by CGP 41251 (Fig. 1) . To demonstrat e speciresponsible for the effects observed on maturation induction ficity of inhibition, we also microinJected an inactive denyby p21. Such an alternative explanation is not completely ative of staurosporine, CGP 42700, whose IC50 for the five ruled out by our experiments. Our conclusion that ras signals different cellular protein kinases, including PKC, discussed are transduced via PKC seems most compatible with the in the Introduction was >100 ,tM (17) . This compound did experimental results, including the finding that PKC by itself not inhibit p21-induced maturation (Fig. 1). induces oocyte maturation and the previous findings (8) that
Effects of Inhibitors of ras-Encoded p21. We have recently ras-encoded p21 induces the production of DAG, which is demonstrated that the antibiotic azatyrosine specifically inknown to activate PKC. hibits p21-induced maturation of oocytes (14) . This comIn experiments performed on NIH 3T3 cells, PKC was pound is known to induce the rrg gene (S.N., unpublished found to induce a mitogenic response in cells whose endogwork; ref. 16 ), which encodes a protein that antagonizes the enous PKC was down-regulated by pretreatment with phorcellular effects of ras-encoded proteins (16) . Azatyrosine bol ester (9). In cells not pretreated with phorbol ester, inhibited the stimulatory effect of p21 protein but did not however, the mitogenic effect of microinjection of PKC was affect the maturation signal of PKC-P (Fig. 2) . Similar effects diminished (9) . Microinjection of oncogenic p21 into these were observed with the anti-p21 monoclonal antibody Y13-cells resulted in a significant mitogenic response. The great-259 (21), which is known to inactivate the oncogenic p21 est mitogenic effect on these cells resulted from microinjecprotein both to GTP exchange and to cell transformation in tion of both p21 and PKC, indicating that the two proteins fibroblast cell lines (20) . Y13-259 blocked ras-induced cell interact synergistically (9) . maturation but did not appear to affect the maturation signal
In our experiments, PKC by itself induced a strong matof PKC-P significantly (Fig. 2) . (24) . The y isozyme of phospholipase C mediates ras-induced transformation of NIH 3T3 cells (11) . Agents, such as Y13-259, that block p21 function do not inhibit the transforming effects of this enzyme, whereas monoclonal antibodies to the enzyme block ras-induced cell transformation when microinjected into NIH 3T3 cells (11) . Similar experiments on PKC have not been performed on NIH 3T3 cells. However, since our results indicate that PKC mediates the ras signal in oocytes, the same pathway may exist in fibroblasts. Since one action of phospholipase C is the production of DAG, which, in turn, is known to activate PKC, it is possible that the mitogenic signal of phospholipase C occurs through activation of PKC. It remains to be seen whether the phospholipase C signal in fibroblasts occurs through activation of PKC.
Note Added in Proof. We have recently obtained dose-response curves for the inhibition of p21 (0.05 mg/ml)-and PKC (0.325 mg/ml)-induced cell maturation by CGP 41521. The curves are superimposable, strongly supporting our conclusion that p21 effects are mediated by PKC.
